The objective of this paper is to generate simplified structural configurations for the ANCE X-3d by considering the influence of structural flexibility on the flight dynamic characteristics and the aeroelastic phenomena. This aircraft consists of an unswept wing with double tail boom structure and two vertical stabilizers. Two structures were designed by an analytical approach and finite element models to create suitable structural arrangements for the wing, tail booms, and stabilizers, and carbon-fiber composite materials were selected for this purpose. Knowing the stiffness and mass properties of the main structural components, reduced order aero-structural models were developed to quantify the influence of the flexibility on the aircraft aerodynamics and stability characteristics. Flight dynamic evaluation of the airplane considering the flexibility of the structure was performed at different velocities and altitudes. The resultant flutter and divergence velocities fulfill the design criteria.
I. Introduction
IRCRAFT structural design is an interdisciplinary process. The airframe structural components must be capable of withstanding the loads generated in critical flight conditions, to ensure the physical integrity of the aircraft in the complete flight envelope and provide enough stiffness to reduce the influence of the structural flexibility on the aerodynamic characteristics and dynamic response of the aircraft, as well as preventing the appearance of potentially destructive aeroelastic phenomenona. 1 In general, the dynamic and aeroelastic analysis of the complete airplane represents a highly complex task and for this reason, it is treated as a separate problem in the design process with direct influence on the structural sizing of the airframe. However, for the design team to accomplish a complete rational analysis of the aircraft dynamic response, a significant effort must be done to develop accurate mathematical models and obtain valuable experimental data to proceed with the validation of the numerical results and the subsequent certification process of the aircraft, which demands a large amount of computational and experimental engineering analyses. 2 The aeroelastic phenomena represent a hazard to the safe operation of the aircraft, consequently it is required mitigating the unstable behavior of the structure, which generally involves important modifications of the structural design, increasing the financial risk of the project and affecting the initial time estimation for the design phase. 3 For this reason, it can be advantageous to generate a simplified model in an earlier phase of the structural design process in order to gain valuable insight about the dynamic response of the aircraft that could serve as feedback for the structure team and as input data to the aeroelastic and flight dynamic engineers. Another potential advantage of this approach is that it allows exploring different structural configurations using low-cost computational models to evaluate the sensitivity of the aircraft dynamic response to the structural characteristics of the main components and the possible failure scenarios. 2 The objective of this paper is to generate simplified structural configurations for the Unmanned Airplane for Ecological Conservation (ANCE X-3d) 4, 5 by considering the influence of structural flexibility on the flight dynamic characteristics and the initial analysis of aeroelastic phenomena as part of the structural design process. The ANCE X-3d has been developed to patrol oil extraction areas in order to look for oil leaks to minimize the response time of emergency squads and reduce the environmental damage that these events could produce to the ecosystem and to the conservation of the natural environment and wildlife. The aircraft is a twin-boom monoplane, with a maximum takeoff mass of 182.055 kg, wingspan of 5.187 m, geometric mean chord of 0.604 m, and wing area of 3.1329 m 2 . Figure 1 illustrates a sketch of the airplane. Figures 2 and 3 show the flowchart corresponding to the classic aircraft structural design process and that one used in the present investigation, respectively. The main difference in Fig. 3 with respect to the first diagram lies in the fact that the structural sizing now is dependent on the level of influence of the aircraft flexibility on the overall flight characteristics.
In order to proceed with the dynamic analysis of the ANCE X-3d as a flexible body, it was necessary to obtain the stiffness and mass distributions of the airframe main structural elements. For this purpose, two structures were designed by an analytical approach and finite element models to generate suitable structural arrangements for the wing, tail booms, and stabilizers. Carbon-fiber composite materials were selected because of their high mechanical properties and weight-saving characteristics. Reduced order aero-structural models were developed with the objective of quantifying the influence of the flexibility on the aircraft aerodynamics and stability characteristics. Finally, an aeroelastic analysis was carried out to predict the divergence and flutter velocities to ensure that both phenomena occurred outside the flight envelope of the ANCE X-3d, and that they achieved the design criteria.
II. Structural Design

A. Load Estimation
The critical loads over the different components of the vehicle were determined by evaluating the aerodynamic loads over a range of flight conditions in order to select the maximum load case for each of the structural components. The maximum load factors were computed using the program Coquivacoa, which calculates in-flight states in time domain of a subsonic airplane considering atmospheric and control disturbances that may appear during flight, using a classic four-order Runge-Kutta method. 6 This software calculates the critical load factors at asymmetric flight conditions considering the maximum deflection of the control surfaces for each individual component, which is ±15 deg. 7 Open-loop simulations were carried out to obtain the maximum load factor values using the corresponding flight parameters of each flight condition. Flight envelope diagrams at sea level and for cruise altitude are drawn based on the data attained by these simulations according to the FAR Part 23 (Ref. 8); these are shown in Fig. 4 .
The vortex lattice models of this airplane previously used to simulate the flow field around the ANCE X-3d (Refs. 9,10) are employed to obtain the lift distribution over the aerodynamic surfaces (wing, horizontal stabilizer, and vertical stabilizer) for the given flight conditions. 
B. Structural Configuration
The main structural components are designed using composite materials to take advantage of their elevated mechanical properties and low weight to strength ratio. 11 The composite material selected is ACP Standard Carbon Fiber. 12 Finite element models are developed using ANSYS software 13 in order to compute the stress and deformation distributions over the airframe structural elements for the critical load case determined in the previous section. The computational model of the composite laminate is constructed using ANSYS ACP 14 to generate an accurate representation of the composite structure. Two structural configurations were designed herein. Table 1 presents a comparison of the mechanical characteristics of both structural configurations. The second design has a higher wing torsional stiffness in the section located between the fuselage and the wing-tail boom joint (sec. 2) and a lower bending stiffness in the same section. The tail boom bending stiffness is also increased for the first section compared to the first structure. The second section's (sec. 1) torsional and bending stiffness are reduced for the wing and tail boom. These variations in stiffness properties are mostly achieved by changing the composite laminate configuration using 0 deg, 90 deg and ±45 deg plies. Table 2 shows the mass values of the main components for both configurations, and it can be observed that the mass of the second structure is 45.9% less than the mass of the first one. These values correspond only to the mass of the structural elements and do not represent real mass distribution of the complete airframe. Figure 5 illustrates the structure geometry and the location of the different sections.
III. Structural and Mass Model
A. Aswing Mathematical Modelling
The Aswing software is aimed at the overall evaluation of the aerodynamics, structural and control system implementation on flexible aircraft of moderate to high aspect ratio. 15, 16, 17 The program allows making quick design modifications to get insight into structural failure, flight dynamic response, stability characteristics and aeroelastic phenomena appearance in a wide range of flight conditions. The complete nonlinear system is solved by means of a full Newton method. The structural model consists of nonlinear connected beams with arbitrary mass, inertia, and stiffness distributions. The lifting-line based aerodynamic model allows considering general aerodynamic sections with control-surface deflection. Compressibility effects are considered using the Prandtl-Glauert correction in wind axes. The complete aircraft dynamics can be computed including the airplane response to atmospheric gust encounters with a general state-feedback law governing control-surface deflections and thrust configuration. 15 The general unsteady problem is represented using the two vectors shown in Eqs. (1) and (2), where E is a controlerror integral vector. The system is treated in nonlinear residual form as presented in Eq. (3) 
The corresponding linearized system can be written as follows:
This linearized system of equations in Eq. (4) 
An instability of eigenmode is indicated if ℝ ( ) 0
). This could represent a flight instability as in the common case of unstable spiral mode or a structural instability like flutter, which is an undesirable condition because one goal during the design process is that the structural modes must be stable.
B. Aswing Structural and Mass Model
The structural and mass properties presented in Tables 1 and 2 were used to create the structural and mass models used by Aswing. These data were also employed to build a simplified beam-like finite element model in ANSYS. Natural frequencies and mode shapes of the structures are calculated by both methods and these are shown in Table  3 , and Figs. 6 and 7 illustrate the corresponding mode shapes. For the first design, the natural frequencies achieved by both methods present an agreement below 10% except for the fourth mode shape, which has a difference of 11.54%. An analogous result is attained in the case of the second design, where the natural frequency of the second mode presents a difference of 11.78% between both methods. The difference may be a direct result of the simplified beamlike FEM model used for extracting the mechanical properties of the structural elements. It should be noted that for the second design, it was not possible to obtain the corresponding sixth mode shape so the comparison is made using the first five modes.
C. Aswing Aerodynamic Model
The geometry of the ANCE X-3d is modeled in Aswing using five surfaces and three bodies, and this is illustrated in Figs. 6 and 7. The aerodynamic and stability coefficients estimated by Aswing are compared with those coefficients presented in previous published works [18] [19] [20] achieved by wind tunnel testing and using other numerical and empirical methods. Table 4 shows the aerodynamic parameters and stability coefficients calculated for the airplane with Aswing as a rigid body and for both proposed structures at Carson speed (45 m/s) at sea level. Figure 8 shows the lift coefficient as a function of angle of attack and the drag polar curve of the airplane. A very good correlation can be observed between the values of induced drag factor, lift slope and stability coefficients achieved by experimental and numerical methods and those calculated by Aswing for the rigid body model. The minimum drag coefficient estimated by Aswing is 6.9% smaller than the one achieved by wind tunnel testing because the Aswing aerodynamic model does not have landing gear, engine and camera. The stability coefficients obtained for the first structure present significant differences respect to those ones of the second structure and the airplane as a rigid body. The pitch slope attained for the first structure is 65.51% and 44.62% smaller than the one estimated for a rigid body and for the second structure, respectively, representing a reduction of static stability. The lift and drag slopes obtained for the first structure is 37.2% and 27.3% less than those estimated for the airplane as a rigid body, respectively. Hantrais-Gervois and Destarac 21 describe that CLα rotates around the zero-lift point because of the wing elastic twist distribution and if the wing twist variation is moderate, a drag polar invariance with flexibility is expected at the cruise point for airplanes of moderate aspect ratio (RA≈9). The lift and drag slopes for the second structure show a decrease of 8.51% and 12.63% when compared with the rigid body results, respectively; however, it is noticed that there is no significant rotation of the lift curve for the flexible body, which could be explained by the increase of torsional stiffness in the first section of the wing structure. As expected, the drag polar curve shows no significant sensitivity to the flexibility of the airplane structure, according to the observation in Ref. 21 , but the induced drag factor calculated for the second structure is smaller compared to the one for the first structural configuration. The resultant maximum lift-drag ratio value of the airplane as a rigid body estimated by Aswing is 12.52. For the first and second structures the resultant maximum liftdrag ratio are 12.79 and 13.31, respectively. As flexibility increases, the maximum lift-drag ratio also rises. Table 5 presents the eigenvalues of the dynamic modes of the airplane as both a rigid and a flexible body computed by Aswing in cruise altitude (2438 m) and velocity equal to 51 m/s (Carson speed). The eigenvalues obtained for the airplane as a rigid body using Aswing for phugoid, short period, and Dutch roll are complex and have negative real parts, indicating that after a disturbance the response would decay sinusoidally in time. The root for the roll mode is real and negative, representing a stable and heavily damped rolling motion. The root for spiral motion is positive, indicating a slightly divergent spiral motion. The eigenvalues obtained in previous studies present similar behavior, expected for spiral mode. Because of the mass model employed by Aswing herein only has the mass of the main structure, there are no correlations between the values estimated by this model and those obtained in previous studies, which used inertial properties estimated for the complete aircraft. Table 5 shows a moderate variation of the damping and frequency of the flight dynamic modes for the second structure, and for the first structure it is observed a smaller sensitivity of the eigenvalues concerning aircraft flexibility. Table 6 compares the dynamic characteristics of the airplane when it is considered a rigid body and using the first and second structures, and it is observed that the modification in the stiffness and mass distributions has an important influence on the short period and Dutch roll frequencies and on the roll mode. A moderate variation of the short period and Dutch roll modes for the second structure (D2) is appreciated in Figs. 9 and 10 at sea level and cruise altitude, respectively. For the first structure (D1), the short period and Dutch roll modes do not present significant changes. The phugoid and spiral modes remain practically invariant for both structures at sea level and cruise altitude.
IV. Flight Dynamics
Figures 11 to 13 illustrate the variation of the flight mode eigenvalues with velocity for both structural configurations. The results indicate that the effect of flexibility increases with velocity, however, all the flight modes are stable in the velocity range of the ANCE X-3d. For the phugoid mode, the damping diminishes with velocity until 56 m/s and 66 m/s for the first and second structures, respectively, at sea level, and then this value remains relatively constant. The damping value for phugoid mode reduces until 50 m/s and 70 m/s for the first and second structures, respectively, for the cruise altitude. Figures 14 to 17 present a similar behavior in the root-locus plot. Figures 18 to 20 compare the damping as a function of velocity at sea level and cruise altitude for the first and second structural configurations. The phugoid mode shows a slight variation in damping between both structural configurations, and the damping for Dutch roll and short period modes are quite different.
V. Aeroelastic Analysis
Figures 21 to 26 illustrate the root-locus and damping as a function of velocity at sea level, for cruise altitude, and service ceiling, respectively, for the first structural configuration (D1), and Fig. 27 to 32 for the second structure (D2). For the first structural configuration, the results show that flutter occurs outside the flight envelope of the vehicle fulfilling the design requirements. The flutter velocity is equal to 86 m/s at sea level, 80 m/s for cruise altitude and 78 m/s for service ceiling. Additionally, the flutter mode corresponds to the asymmetric torsion of the wing structure. Figures 22, 24 , and 26 present damping modes as a function of velocity of the critical aeroelastic modes, and a fast reduction of damping for high velocities values can be observed. For cruise altitude, flutter velocity is 4.17% higher than the maximum permissible value of 1.2VD established in Ref. 22 . Figures 27, 29 and 31 show the symmetric in-plane bending (SYM. B IP), symmetric out-of-plane bending (SYM. B OP), asymmetric in-plane bending (ASYM. B IP), asymmetric out-of-plane bending (ASYM. B OP) and torsional structural modes at sea level, for cruise altitude and at service ceiling. It is observed that the torsional mode of the horizontal tail structure becomes unstable at 79 m/s, 77 m/s, and 93 m/s at sea level, for cruise altitude, and at service ceiling, respectively, which represents a drastic reduction of flutter velocity compared to the results of the first structure. This result also suggests a lack of torsional The wing torsional divergence velocity is calculated by an analytical approach 1 at different altitudes. Table 7 shows that the resultant torsional divergence velocities are higher than the maximum aircraft velocity at each specific flight condition. However, the divergence velocity exhibits a significant reduction for the second structure, which could be explained due to the torsional stiffness distribution presented in Table 1 . Table 7 summarizes the torsional divergence and flutter velocities for both structures.
VI. Conclusions
A general methodology is presented to account for flight dynamic response and aeroelastic phenomena characteristics on the initial structural design of the ANCE X-3d main components using low-detail reduced aerostructural models. This procedure proved to be useful in obtaining an overall evaluation of the aircraft flight dynamic sensitivity to the structural flexibility affected by earlier modifications in the design process. The aeroelastic analysis allowed obtaining valuable insight into the nature of the unstable aeroelastic modes and the stiffness properties linked with the appearance of structural instabilities.
The simplified structural design of the ANCE X-3d proved to be a useful approximation to obtain an initial structural definition of the airframe, significantly reducing computational modelling time by neglecting secondary components that do not perform a structural function. The low computational cost of the reduced order beam-like model also represents an important advantage due to the possibility of evaluating the physical response of the structure for different geometric configurations, without the need to take special care of the airframe details that have a negligible impact on the final structural properties.
The results have shown that structural flexibility does not have a significant influence on the aerodynamic and stability characteristics of the ANCE X-3d. The aerodynamic performance has a moderate sensitivity to the wing torsional stiffness in the section located between the fuselage and the wing-tail boom joint, but do not present an important variation regarding the rigid body model. The ANCE X-3d flight dynamic modes are stable in the flight envelope and they do not show a drastic modification as a consequence of aircraft flexibility, which satisfies the design criteria.
The initial aeroelastic analyses suggest that the ANCE X-3d can operate in any condition located inside the flight envelope with enough margin against aeroelastic phenomena. The results of the structural sensitivity analysis show that flutter appearance is closely related to the wing first section torsional stiffness. 
